Ramp metering is a frequently applied method to improve traffic flow performance in congested freeway systems. There is a great variety of control algorithms to decide on red times of ramp metering signals. Based on current research results about the probability of flow-breakdown on freeway segments, a new approach for ramp metering strategies was developed. It is based on the idea of a network-wide consistent probability for a flow breakdown. This idea has been actualized for various popular ramp metering concepts. For two real-world cases, one from Minneapolis and the other from Toronto, new ramp metering algorithms have been formulated in detail based on traffic flow data from these freeways. To test the effects of these modified algorithms, microscopic simulation by VISSIM was applied. It was possible to represent traffic flow with the currently applied metering concept, and with the use of the new probability-based concepts. Simulation runs over 5 to 6 hours of traffic flow, including the decisive peak hours, have been performed. The results showed that the new algorithms were able to improve the overall performance of the freeway systems concerned. The method was able to postpone the beginning of breakdown, reduce the duration of congested periods, and, thus, reduce the total amount of travel time for drivers. Therefore, the concept of probability based ramp metering algorithms appears to be a useful tool to achieve balanced ramp metering strategies for congested freeway systems.
Introduction
Congestion on freeways is continuing to increase in most countries of the world. Therefore, many agencies have considered alternative methods to make better use of existing freeway capacities. These methods are often integrated into freeway management programs that seek to manage, operate, and maintain freeway facilities in an efficient manner (Jacobson et al., 2006) . Ramp management is one of several functions performed to maximize the use of existing capacity. It is defined as "the application of control devices, such as traffic signals, signing, and gates to regulate the number of vehicles entering or leaving the freeway, in order to achieve operational objectives." (Neudorff et al., 2006) . Ramp management strategies may be used to control access to selected ramps, or to control the manner in which vehicles enter a freeway (Jacobson et al., 2006) .
The objective of our research (see Elefteriadou et al. 2009 ) was to develop improved procedures for implementing ramp management in congested freeway systems. Here the study is focused on real-time traffic actuated algorithms for ramp-metering. Our specific objective is to modify existing algorithms based on probabilities of a breakdown as the essential actuating mechanism and to test this concept against existing methods regarding traffic flow performance.
Current approaches
Previous research has shown that vehicles that enter the freeway in platoons create turbulence, which often leads to breakdown of the mainline traffic (Elefteriadou et al, 1995) . To reduce this effect, a variety of rather different approaches has been developed around the world to reduce this kind of turbulence by metering the traffic flow at onramps to freeways through a traffic light at the ramp. Of course, by such a traffic signal the total volume of vehicles which are able to enter the freeway can also be limited to temporarily reduce the traffic demand on the downstream sections. The traffic signal usually provides only very short green times which allow only one vehicle (sometimes also 2 vehicles) to pass the signal in one cycle. Since the green time is fixed, the possible flow from the ramp to the freeway is determined by the duration of the red time (DRT).
This DRT usually is controlled by on-line traffic adaptive methods. The algorithms which generate DRT use traffic data generated from detector counts. According to the method applied, these detectors might be placed at different locations; e.g., near the merge point or closely upstream from the ramp. In many cases, ramp-based detectors are also in use. Detector counts farther upstream from the on-ramp have also been proposed (Trapp, 2006) . Using detector counts, in some cases only traffic volumes are interpreted by the algorithms. But in most cases a second parameter, like average speed, occupancy, or traffic concentration (which, in conjunction with traffic volume, all are just different expressions for the same phenomenon of traffic flow performance) is also evaluated.
In each case the algorithms try to optimize traffic performance over the whole system. Here the basic dilemma in a congested system is that a preference to the through traffic on the freeway usually penalizes the entering vehicles on the ramps. Thus, the algorithms seek to optimize a balance between the interests of through traffic and of entering drivers. There is a vast amount of literature which documents effects of different control algorithms (see e.g., Jacobson et al. 2006; Bogenberger, May, 1999; Zhang et al., 2001; Papageorgiou et al. 1990 Papageorgiou et al. , 1991 .
The specific aspect of our research is the phenomenon of traffic breakdown on freeways. The term 'breakdown' of flow has been used to describe the transition from relatively free-flowing traffic, at speeds in the vicinity of the allowed speeds, to congestion, usually called stop-and-go traffic, but more generally experienced as slow-and-go. Average speeds within congested traffic tend to be in the vicinity of 20-40 mi/h, whereas prior to breakdown they typically range between 50-70 mi/h . Many authors in recent years have demonstrated that such a breakdown can occur at rather different traffic volumes or concentrations (e.g., Agyemang-Duah, Hall, 1991; Lorenz, Elefteriadou, 2000; Okamura et al., 2000; Brilon et al. 2005) . Therefore, capacity of freeway facilities is no longer treated as a constant value. Instead, the volume which causes a breakdown is treated as a random variable. Further analysis based on this idea is leading to a great variety of new concepts for freeway operation and design. This paper describes concepts for ramp metering which are based on this idea of random capacities.
Study site selection
The studies were intended to be based on real-world situations. Therefore, six study sites in North-America were analyzed. From these, two sites were selected for study in greater detail (Table 1) . Both freeway sections consist of several on-ramp and off-ramp junctions. The most downstream boundary consists of an on-ramp junction where congestion usually starts due to merging operations (critical ramp), such that there is no congestion further downstream affecting this system of ramps. Each site's overall length was defined such that it includes the entire length of the freeway facility that regularly experiences congestion, starting from the most downstream critical ramp and extending upstream until free flow conditions are consistently observed. There may be multiple critical ramps within the study site, as congestion may first start at any of the ramps within a site. The data collection period included non-holiday weekdays only. The field data were obtained at the detector stations along each study site for approximately one year, depending on the site and the data availability and validity. Data validity checks were performed carefully for the detector data obtained to account for missing data and erroneous observations. Incident data were also obtained for the selected periods. The incident data would typically contain information about the location and time the incident occurred and its duration as well as the type of incident. Occasionally, information about lanes affected was also provided. Days where incidents occurred during the ramp metering period were removed from the database, as these affect the breakdown occurrence as well as the extent of congestion.
Weather information was obtained from the National Weather Service websites. The weather information was used to eliminate days from the database during adverse weather conditions, as these may affect the breakdown occurrence and the traffic operations at the study site. As such, days for which one of the following conditions occurred, were removed from the database: a) Precipitation of 0.2 inches or greater; b) Snow; c) Code indicating fog and reducing visibility to ¼ mile or less, d) hail, etc. A detailed description of all data obtained for the studies is presented in Appendix B of the report by Elefteriadou et al. (2009) .
Breakdown prediction model
In this research, breakdown occurrence indicates the onset of congestion due to merging operations and not due to downstream congestion. Congestion due to a downstream bottleneck will not be considered to be a breakdown event, as congestion in this case is caused by queue spillback, rather than excess demand at the subject location. Incidents will not be considered as factors of breakdown, because the focus of this work is on demand-induced breakdown (recurring congestion). Therefore, the proposed breakdown prediction model is developed for the "critical" bottlenecks, i.e., those where congestion starts recurrently due to merging operations, rather than being induced as a result of a downstream bottleneck. Critical bottlenecks are generally identified by congestion (e.g., low speeds) being propagated upstream, whereas free-flowing (or near free-flowing) conditions occur downstream. This identification can be accomplished by either visual or field observations of the traffic, or by examining speed timeseries plots at multiple locations upstream and downstream of the bottleneck.
For the defined bottlenecks on the two test sites, models of breakdown prediction were formulated according to the definitions by Brilon et al. (2005) . Both models rely on the analysis of a long series of traffic volumes observed for the bottleneck under concern and aggregated within short time intervals; e.g., a whole year of traffic counts within 1-minute intervals (or also 5-minute intervals). Here, a traffic volume q which is followed by a breakdown during the subsequent time interval is regarded as the observation of freeway capacity. Such a breakdown can happen at various volumes. It is not correct to estimate the probability of a breakdown by just comparing the number of observed breakdowns at a volume q with the frequency of observed volumes of size q. Instead it is necessary to take into account the chance that a volume of q can be observed (Geistefeldt, Brilon, 2009) . Therefore, the estimation of the distribution function F(q) of breakdowns needs a more sophisticated mathematical treatment. This distribution function F(q) can be estimated by two methods: a) the so-called product limit method (Kaplan, Maier, 1958) or b) a maximum-likelihood technique (cf. Brilon et al., 2005) .
Product limit method (PLM)
Applying the Product-limit method, F(q) is estimated by
where: For our project, the application has been extended to consider detector occupancies which cause a traffic breakdown. Then eq. 1 is written in a similar way, but with occupancy, b, instead of volume.
As an example for this method, Figure 1 shows F(q) and F(b) for both sites.
a) I-494, detector 708, Minneapolis site b) QEW, DES500, Ontario site This is a non-parametric estimation technique; i.e., we do not need to assume a specific mathematical type of function for F(q). Also, the result is not given as a function. Only numerical values for F(q) result from this estimation. The highest value for F(q) is achieved for the largest observed traffic volume which was followed by a breakdown of traffic flow. Beyond this point F(q) is not defined according to this technique. Note that the probability of breakdown using this method does not even reach as high as 0.25.
Even if a mathematical type of the function F(b) is not resulting from this estimation technique, it is interesting to see which kind of function would be a good fit for F(b). A log-normal distribution reveals a close approximation to the estimated values for F(b) compared to other known distributions, although the probability plot of Figure 2 shows few data points that extend the 95% confidence intervals of the log-normal distribution. 
Maximum likelihood estimation
To obtain a complete distribution function, a parametric estimation based on a Maximum-Likelihood technique can be applied (Brilon, Zurlinden, 2003; Brilon et al. 2005) . In both the Minnesota and Ontario models, the type of the distribution function that provided the best fit was the log-normal distribution.
The two ramp metering algorithms, Stratified Zone Metering (SZM; Minnesota) and COMPASS (Ontario), were used as an initial point. These algorithms then were modified in a way which incorporates the breakdown probability as the basic foundation for control activities. Similar modifications can also be developed and implemented for other ramp metering algorithms (Elefteriadou e.al., 2009 ).
Minnesota stratified zone metering algorithm (SZM)
The SZM groups the freeway into zones where each zone is limited by detectors. Typical length of these zones is between 0.5 and 3 miles. Metering rates are calculated every 30 s using traffic volumes q on the mainline as well as on the ramp. Also the storage areas provided on the ramps and on the mainline zones are taken into account. Measured values of volumes are replaced by exponential smoothing. The desired ramp volumes are calculated by a complex algorithm (Kwon et al., 2002; Xin et al., 2006) with the objective that each zone receives only its specific allowable volume at any time.
The original algorithm has been modified for the ramp at Rockford Road. First of all the activation and termination of the ramp metering algorithm has now become a function of the probability of breakdown. Based on the field data from the Minnesota site (see Figure 1) , ramp metering will be activated when the sum of upstream and ramp volume exceeds 3,000 veh/h. This value was selected to be as high as possible without exceeding the lowest value of breakdown flow. Termination of the metering will occur when the total flow stays below the buffer flow (2800-3000) for a certain period of time (e.g., 5 minutes).
Next, the metering rates are established as a function of the upstream traffic flow in conjunction with the acceptable breakdown probability. To obtain this function, the distribution function F(q) as it is represented in Figure 4 has been approximated by a Log-Normal distribution. Then the total volume can be divided into the upstream flow and the ramp volume. Thus, Figure 3 has been generated which gives us the breakdown probability function F(q) for different ramp volumes (for complete functions see Elefteriadou et al. 2009, p. 26) .
After some experiments, using the simulations mentioned below, a breakdown probability in the range of 20% in a 30 s-interval seemed to be a useful value to optimize traffic operation near Rockford Road Ramp. Using this value, the metering volumes given in Table 2 have been read from the equations leading to the curves in Figure 3 . In addition to this simple set of rules for a single on-ramp, the allowable ramp volumes of all on-ramps are coordinated for all zones along the freeway (for details see : Elefteriadou et al. 2009 ). 
Ontario COMPASS algorithm
For the automated system of ramp metering on the QEW the whole freeway is divided into segments which are limited by interchanges. The metering rate for each on-ramp is determined from the nearby local detector data but also from data assembled at the adjacent upstream and downstream detectors. Once a ramp meter is turned on, the metering rate is influenced by the mainline traffic and is updated every 30 s. The way it is influenced is documented in metering tables which have been predetermined. These tables indicate the acceptable metering rate based on local detector occupancy, downstream detector occupancy and upstream detector volume. The ramp metering function of the COMPASS algorithm was provided by the Ministry of Transportation, Ontario MTO. Thus, local detector occupancy becomes a decisive influence on the metering rate. This is the reason why breakdown probabilities in this case have been analyzed based on occupancies (see Elefteriadou et al. 2009 ).
Also in this case, the activation warrants have been modified according to the breakdown analysis results. As can be seen from Figure 1 , the breakdown probability can be assumed as zero for occupancies below 8%. Thus, the ramp meter at the critical ramp 1 (Cawthra Rd) will be turned on only when occupancy at the local station (500DES) exceeds 8 to 10% for 5 minutes. Likewise, ramp metering will be terminated after a period of 5 minutes with continuous occupancies below this threshold.
To determine ramp metering rates, the breakdown probability function was represented by logistic regression. From this the breakdown probability data were stratified by different ramp volumes (Figure 4) . Again a breakdown probability in 30 s -intervals of 20 % was applied. From these functions, new metering tables have been developed (Table 3) , which were used instead of the original predetermined setup tables of the COMPASS algorithm.
Figure 4: Breakdown probability functions for different on-ramp rates depending on mainline detector occupancy for the Cawthra Rd. ramp at the QEW (in Toronto, Ontario) 
Evaluation of the modified algorithms by micro-simulation
The proposed improvements of the two ramp metering algorithms currently implemented in the Ontario and Minnesota areas were tested using micro-simulation. Five simulation packages (AIMSUN, BABSIM, CORSIM, PARAMICS, and VISSIM) were initially tested to identify that software which would best represent traffic flow on the test site freeways under ramp metering conditions. As required, the software should be able to replicate traffic breakdowns. It should also be accessible for the research team to represent the modified algorithms within the ramp metering strategy of the simulation tool. Preliminary quantitative analysis showed that BABSIM and VISSIM fulfilled the project requirements. It was decided to use VISSIM for the tests since it provided easier access to ramp metering algorithms.
For both of the study sites a model was established under the VISSIM environment including a full representation of the local ramp metering strategy. VISSIM is able to simulate signalized intersections by using the built-in fixedtime control. If the user needs more complicated (e.g., traffic actuated) signal control functions, an internal signal state generator (e.g., the module VAP) can be used. The SZM and COMPASS algorithms were implemented using VAP in VISSIM. The parameters for driver behavior within VISSIM were calibrated by comparing simulation results to the vast traffic flow data mentioned above. The accuracy of the calibration was evaluated through the root mean squared error (RMSE) for selected performance measures. The accuracy of representation of the traffic flow characteristics was also demonstrated by the comparison of speed-flow diagrams obtained from measurement data and from simulation outputs, an example for which is shown in Figure 5 for each of the test sites.
Once the simulation models were verified and calibrated with field data, they were used to evaluate the modified versions of the Stratified Zone and COMPASS algorithms. Several performance measures (breakdown time, queue length at the ramps, percent time congested, travel time, total throughput) were used to evaluate the effectiveness of the proposed modifications and to compare them with the traffic flow performance under the existing metering strategies. a) Minneapolis 5-minute intervals b) Toronto QEW, 1-minute intervals 
Evaluation of Minnesota Stratified Zone Metering Algorithm (SZM)
The proposed modifications of the ramp metering algorithms were implemented into the simulation model. The simulation results are compared to the simulation results from the original SZM algorithm. Table 4 presents the simulation results for both scenarios. The probability of breakdown threshold used in the analysis is 18%, and it was selected because it postponed congestion the longest. As shown, the proposed modifications reduced delay significantly and postponed the breakdown occurrence at the critical ramp (station S708) by 30 min. The total amount of congestion is reduced at all detector stations. The average and maximum travel times, as well as the queues at the critical ramp at Rockford Rd. (ramp 1), are also reduced in this case. The total throughput is increased significantly. On the other hand, the queues at the second (upstream) on-ramp increased. This occurs because, according to the SZM algorithm, the ramps with the lighter demands (Bass Lake Rd ramp -ramp 2 in this case) are given lower priority, and thus allow less traffic to enter the freeway, resulting in longer queues. Table 5 shows the comparison of the simulation with the COMPASS algorithm and with all proposed enhancements for this algorithm. A 20 % acceptable probability of breakdown threshold was used in this analysis.
Evaluation of the Ontario COMPASS algorithm
As shown in Table 5 the proposed modifications to the COMPASS algorithm provide better traffic performance. The modified compass algorithm postpones the beginning of congestion at the two most downstream detectors 490DES and 500DES by 35 min and 17 min respectively. What seems to be most important is that the congestion levels for the corridor are significantly lower (from 38% of congested time for the original algorithm to 17%). The proposed enhancements also reduce the average travel time by 43 seconds when compared to the conventional COMPASS algorithm. The fact that the breakdown occurs at the two critical ramps earlier when the conventional COMPASS algorithm is implemented results in lower throughput up to the time of breakdown.
In conclusion, the modifications based on breakdown probabilities appear to work well with both algorithms, and result in improved traffic operations throughout the entire freeway section on both test sites. When implementing each enhancement separately, conditions improve as well; however, the most significant improvements occur when all enhancements are implemented simultaneously. Analysis showed that the applied threshold for the probability of breakdown affects the performance of the facility. For example, in the case of COMPASS, for a threshold of 0.225, the breakdown is likely to be further delayed at the 500DES detector; however, the queues on the ramp would increase, and the overall network performance (average travel time) would also increase. 
Conclusions
The two cases under investigation showed that the implementation of ramp metering strategies based on probabilities of traffic flow breakdown could improve traffic flow performance on congested North American freeway systems. The appropriate threshold for the tolerated probability of breakdown appears to be in the range of 15-20%. This concept appears to be a promising method for postponing the breakdown, reducing the average travel time, and reducing the time of congestion. The procedures developed demonstrate the potential to improve freeway ramp metering system performance by delaying or preventing freeway-flow breakdown, and by increasing throughput.
Additional analysis should be undertaken to evaluate the effects of the proposed enhancements for other ramp metering algorithms, as these effects might differ for different algorithms and different sites. The required breakdown probability models must be specific for the applied ramp metering algorithm. That is, if the ramp metering algorithm is based on the upstream freeway volume, then the breakdown probability model must be developed based on the upstream freeway volume. For the accuracy of the breakdown probability model the use of data from the specific ramp junctions is very important. The selection of the threshold value for breakdown probability affects the performance measures of the entire freeway system. Thus, it should be used to achieve the desired balance between breakdown on the freeway and queue lengths on the ramps. The simulation tool used was found to replicate field conditions quite well, and simulation was found to be a very effective tool in assessing the effects of various alternatives.
With respect to implementation it is recommended that an existing instrumented freeway site should be selected to implement breakdown probability based ramp metering algorithms. Implementation should be preceded by a thorough simulation-based analysis to evaluate various aspects of the implementation, including the selection of an optimal breakdown threshold, as well as to select the preferred balance between breakdown occurrence and queue lengths on the ramps.
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